about the mechanisms of pathogenesis of RVF and biological functions of various viral proteins that affect RVFV pathogenicity.
Introduction
Rift Valley fever virus (RVFV) is a zoonotic arbovirus and a pathogen of RVF which is endemic in sub-Saharan African countries [1] . The disease is characterized by a high rate of spontaneous abortion in ruminants. Adult ruminants are relatively resistant to RVFV infection, while the mortality rate in newborn lambs is nearly 100% [1] . Humans infected with the virus show acute influenza-like symptoms with fever, headache, and body pain. In some cases, patients develop neurological disorders and ocular disease, or die due to hemorrhagic fever and thrombosis [2] . RVFV is mainly transmitted by mosquito bite and, to a lesser extent, direct contact with materials from infected animals. There is concern that RVFV can be introduced into nonendemic countries by infected travelers, animals and mosquitoes; moreover, naturally occurring mosquito populations, in some nonendemic countries, including the US, support RVFV replication.
RVFV belongs to the genus Phlebovirus , family Bunyaviridae, and carries single-stranded tripartite RNA seg-
Pathogenesis of RVFV: Tissue Tropism and Host Responses in Experimental Models for RVFV Infection

Early Stage of Infection
The pathogenesis of RVFV has been investigated with several different animal models, including ruminants, rodents, and nonhuman primates (for details, see review [2] ). Although susceptibility to RVFV is dependent on animal species and strains, most of the susceptible animals develop acute hepatic and neurological diseases, which are also observed in human RVF cases [1, 2, 4] . Clinical outcomes of RVFV infection in these experimentally infected animals can vary significantly depending on the route of infection. Inoculation of mice by the intraperitoneal (i.p.) route, compared to subcutaneous (s.c.) or intradermal (i.d.) inoculation, results in efficient virus replication in the liver and leads to the development of severe diseases [5, 6] . Conversely, i.p. inoculation of the virus sometimes does not cause detectable viremia in sheep [2] . Intranasal (i.n.) inoculation, and aerosol exposure have caused efficient virus replication in mouse brains [7] [8] [9] [10] and even in an RVFV-resistant rat strain [11] . The i.d. and s.c. inoculation routes also have been used to mimic the natural route of virus transmission through a mosquito bite.
As an arbovirus, RVFV is injected into mammalian hosts along with a mosquito salivary component. Mosquito saliva contains anti-inflammatory molecules to maintain blood flow during feeding. This effect of saliva sometimes makes the environment more permissive for arthropod-borne viruses and helps virus replication (for review, see [12] ). In the case of RVFV, infection in mice has been reported to be facilitated by mosquito saliva. Mice coinjected with RVFV and mosquito saliva showed higher virus titers in target organs and shorter survival times than did the mice inoculated with RVFV alone [5] . RVFV derived from mammalian and insect cells differs in its ability to infect goat monocyte-derived dendritic cells (DCs) [13] . The virus from insect cells infects more efficiently than that from mammalian cells and showed a faster viremia peak in the infected goat, indicating that DCs may have a role in controlling RVFV pathogenesis.
In infected mammalian hosts, the virus first encounters macrophages and DCs, the first line of host defense, in local tissue exposed to the incoming virus. Although phagocytes can actively intake any invaders, RVFV is able to replicate in macrophages in vitro and in vivo [6, [13] [14] [15] [16] [17] [18] . In human monocyte-derived macrophages, secretion of tumor necrosis factor (TNF)-α, interferon (IFN)-β, and IFN-α2 was induced by infection of a virus lacking NSs, but not by wild-type RVFV, indicating that NSs inhibited the secretion of these proteins in wild-type RVFVinfected macrophages [17] . Other proinflammatory cytokines were under the detectable level even after the infection of NSs-deletion virus [17] . These results may indicate that RVFV-infected macrophages are unable to induce efficient proinflammatory responses.
DCs are also an important target of RVFV. The virus uses DC-SIGN, a C-type lectin expressed in immature DCs, as an entry receptor [19] . While, the role of DC-SIGN in an innate immune response is not well characterized, some viruses target DC-SIGN for efficient dissemination within the host. Hepatitis C virus internalized into DCs through DC-SIGN escaped from lysosomal degradation, implying that the DCs protected the virus as a reservoir [20] . HIV-1 captured by DCs through DC-SIGN retained long-term infectivity and was efficiently transmitted to CD4+ T cells [21] . Currently, it is unclear whether DC-SIGN serves another role(s), other than that of a receptor for RVFV, in RVFV pathogenicity. Several studies have explored a role(s) of DCs and macrophages in RVFV pathogenesis. In type I IFN-deficient mice inoculated with attenuated RVFV lacking the NSs gene by the i.p. route, virus replication was detected in macrophages, DCs, and granulocytes. Depletion of both macrophages and DCs in the mice resulted in slower viral dissemination, decrease in RVFV titers in blood, and prolonged survival, possibly meaning that these immune cells play a role in increased pathogenicity [6] . Ermler et al. [18] demonstrated that bone marrow-derived murine conventional DCs and macrophages expressed IFN-α through the mitochondrial antiviral signaling protein signaling pathway in response to infection from RVFV lacking the NSs gene. The absence of mitochondrial antiviral signaling protein resulted in an increase in virus titers in conventional DCs, but not in macrophages, which may mean that these immune cells utilize different defense mechanisms against RVFV infection. The authors also speculated that the virus may use different mechanisms of entry into these cells, resulting in differing responses to RVFV infection.
Middle Stage of Infection (Hepatic Phase)
Live imaging of IFN receptor-knockout mice infected with RVFV carrying a luciferase gene, in place of the NSs gene, was used to examine the tissue tropism of RVFV [6] . After s.c. inoculation of this mutant virus, light emission first appeared in draining lymph nodes, a contact site of the lymph system and blood vessels. Subsequently, the virus entered the blood and underwent replication in a broad range of organs, including the liver, spleen, kidneys, pancreas, lungs, and other organs [5, 6, 14, 22] . RVFV utilizes heparin sulfate, which is abundantly expressed on most cell types, to infect a broad range of cell types [23] .
The liver has been described as a main target of RVFV, and abundant virus antigens have been found in liver isolated from RVFV-infected animals regardless of the infection route [4, 8, 9, 22, 24, 25] . The livers of infected animals have shown massive hepatic necrosis, leading to inflammation with infiltration of neutrophils [8, 9, 22] . Apoptosis of hepatocytes was also observed in the liver during the hepatic phase [22, 26] . Proinflammatory and antiapoptotic genes were activated, while proapoptotic genes were also upregulated in the livers of mice infected with virulent RVFV [27] . Interestingly, a recent ultrastructural study of RVFV-infected mice revealed the rare observation of mature virus particles in the liver during the course of infection, which may mean that the virus undergoes abortive replication in hepatocytes [26] . During the late stage of infection, liver repair was observed in mice inoculated with a lethal dose of virus [14, 22, 26] . At this stage, a sharp decrease in cytokine and chemokine production was observed [25] .
The roles of cytokines and chemokines in RVFV pathogenesis have been examined in several studies. Infection of virulent RVFV in mice and goats has resulted in the activation of IL-12, which induces IFN-γ production by NK cells and a Th1 response [13, 25, 27] . This reaction serves to limit viruses, while it also causes immunopathology. The livers of mice infected with a live-attenuated RVFV MP-12 were histologically normal, although infectious RVFV was isolated from the organ. On the other hand, virulent RVFV infection caused severe liver damage, including hepatocellular degeneration and necrosis. MP-12 infection caused a minimal cytokine response, whereas virulent RVFV infection elicited the systemic production of cytokines and chemokines, including IL-1α, IL-12, G-CSF, KC, and MCP-1. These results indicated a correlation between expression levels of cytokines/chemokines and tissue pathology in mice [25] . It is possible that the uncontrollable inflammation and cytotoxicity of the innate immune response caused lethal liver damage in wild-type RVFV-infected animals. IL-10, an anti-inflammatory cytokine, was also upregulated in mice infected with virulent RVFV [27] . IL-10 protects the host from immunopathology by ameliorating excessive Th1 and CD8 T cell responses; however, at the same time, it limits the clearance of pathogens [28] . In human RVF cases, IL-10 was elevated in fatal cases in comparison to its level in nonfatal cases [17] . As adaptive immunity is critical for RVFV clearance from the liver and brain [29] , induction of cytokines which stimulate adaptive immune responses is important for recovery from the disease. The proper control of these cytokines, including IL-12 and IL-10, which decide the balance of immunopathology and virus clearance, may be the key to recovery from RVFVinduced disease.
Late Stage of Infection
Although neurological disorders are rare in humans, many highly susceptible animal models show neurological symptoms late in the course of RVFV infection [2] . In mice inoculated with RVFV via the s.c. route, multiple cell types, including neurons and neuroglial cells, were positive for the virus antigens in most regions of the brain, including the brain stem, olfactory tract, and spinal cord [22] . Abundant virus particles budding and accumulating in multiple cell types of the central nervous system (CNS) were found after electromicroscopic analysis [26] . Histopathological analyses of RVFV-infected animals showed infiltration of inflammatory cells, neuronal necrosis, and neurophagia in multiple regions of the brain, indicating meningitis and encephalitis [7, 8, 22, 24] . After s.c. inoculation of RVFV into the mice, virus antigens were found in olfactory neurons located in the olfactory mucosa, demonstrating that these neurons are an RVFV target and implying the possibility that the virus invades the brain subsequent to infection of olfactory nerves [22] . Olfactory neurons were also found positive for RVFV antigen in mice challenged by the aerosol and intranasal routes [9, 10] .
Other studies have put forth the possibility that the virus might enter the CNS through the blood-brain barrier (BBB) or cerebrospinal fluid (CSF) barriers. Coinjections of RVFV with salivary gland extract via the i.d. route increased the mortality rates in mice and virus titers in several organs, including the brain cortex [5] . The author concluded that mosquito saliva might have indirectly facilitated viral invasion of the brain by modulating the permeability of the BBB. As mosquito saliva contains antiinflammatory molecules, it may be possible that it modulates the host innate response which allows efficient RVFV replication at an initial stage of infection and also affects subsequent cytokine secretion patterns, which may affect BBB permeability [12] . CSF barriers in the choroid plexus, where CSF is produced, are not completely protected by the BBB due to a fenestrated endothelial cell layer. An example of viral infection of the CSF barrier is echovirus 30, a human enterovirus causing meningitis, which can directly infect choroid plexus epithelium cells, a component of the CSF barrier [30] .
Although interaction of RVFV with CSF barriers is unknown, the presence of RVFV in CSF has been reported in humans and animals [24, 31] . However, this occurrence may depend on animal species, infection route, time of sample collection, or sensitivity of assay. In African green monkeys or marmosets challenged by the aerosol route, no virus was detected in the CSF, despite the high levels of virus in the brain and spinal cord [7] . CSF collected from calves challenged by s.c. RVFV inoculation contained high titers of virus [24] . In human cases, RVFV was isolated in cell culture from 1.8% of the CSF samples from patients, whereas RT-PCR amplified RVFV-specific RNA from 13.6% of the CSF samples [31] . Clarification of the mechanisms of RVFV invasion into the CNS requires further studies.
Viral Factors That Affect RVFV Pathogenesis
To identify virus proteins that affect viral virulence/ pathogenesis, initially the pathogenicity of several naturally occurring RVFV mutants of known genetic sequence was tested. An attenuated MP-12 strain was developed by serial passage of the ZH548 strain, which was isolated from human serum during the 1977 outbreak in Egypt, in the presence of the mutagen 5-fluorouracil with subsequent plaque cloning and amplification (for review, see [32] ). MP-12 has total 23 nucleotide changes, including 9 nucleotide changes leading to 9 amino acid changes, in the viral genome compared to its parent strain. Analysis of the virulence properties of reassortant viruses between the virulent strain and MP-12 showed that the virulence characteristics in the mouse were under polygenic control [33] . Another study demonstrated that chimeric viruses carrying the L and M segments of virulent ZH548 and the S segment of MP-12 were slightly attenuated, but still retained virulence in mice [34] . Clone 13 is another attenuated virus isolated by plaque cloning of the 74HB59 strain, and carries a deletion of 69% of the NSs gene [35] . Clone 13-derived mutant virus carrying the S segment of ZH548 was virulent in mice, suggesting that the S segment controls the virulence [36] . These results indicated that each segment contributed to the virulence of the virus. Table 1 summarizes the biological functions of RVFV proteins that affect viral pathogenicity and virulence.
NSs Protein
RVFV NSs protein is a nonstructural protein with a molecular weight of 31 kDa. Although NSs is not essential for RVFV replication in cultured cells [37] , it is required to establish productive infection in mice [29, 38] . NSs has multiple functions (reviewed in [32] ). NSs localizes both the nucleus and cytoplasm in infected cells, as well as in expressed cells, and forms filamentous structures in the nucleus. One of the important biological functions of NSs in RVFV pathogenesis is its inhibition of IFN-β gene expression. NSs binds to SAP30, a subunit of the corepressor complex, and reinforces the interaction of the complex to repress IFN-β mRNA synthesis. In addition, NSs binds to p44 and p62, subunits of transcription factor TFIIH, and inhibits host mRNA synthesis. Several in vitro studies using NSs deletion virus demonstrated that NSs inhibits the expression of host antiviral proteins. Infection of RVFV lacking an NSs gene induced the synthesis of IFN-α, IFN-β, and TNF-α, whereas induction of these proteins was not observed in parental RVFV-infected cells [17, 18, 37, 38] .
Type I IFN plays a critical role in protecting the host from RVFV infection in animal models. A recent study demonstrated that IFN-induced transmembrane protein 2 and 3 inhibit virus replication at an early stage of infection after viral entry [39] . In type I IFN receptor-knockout mice, even attenuated RVFV lacking the NSs protein causes lethal infection [6, 40] . Most of the sub-Saharan RVFV strains were less pathogenic than were Egyptian strains in RVFV-susceptible Wistar-Furth rats. These Egyptian strains were relatively more resistant to rat type I IFN than were the sub-Saharan RVFV strains, implying that type I IFN expression in the rat reduced the pathogenicity of the sub-Saharan RVFV strains [41] . Detailed time-course monitoring of IFN expression in rhesus monkeys infected with virulent RVFV showed that a delayed IFN-α response contributed to a lethal outcome, indicating the importance of type I IFN in very early stages of infection [42] . NSs inhibits type I IFN production early in infection and facilitates virus replication and dissemination.
Another known function of NSs is its inhibition of eIF2α phosphorylation by promoting degradation of dsRNA-dependent protein kinase (PKR) through the proteasome pathway [32] . Activation of PKR by RVFV infection causes eIF2α phosphorylation, resulting in translational arrest at a translation initiation step. Furthermore, host transcription suppression by NSs limits [38] , indicating that PKR plays an important role in protecting mice from RVFV infection. PKR is an IFN-stimulated gene and mediates several antiviral functions. In response to virus infection, PKR mediates apoptosis by eF2α phosphorylation and NF-kB activation [43] . In addition, PKR is required for IFN-β secretion in response to some virus infections; in the case of Semliki Forest virus, rotavirus, and West Nile virus, secretion of IFN was significantly lower in infected mouse embryonic fibroblasts derived from PKR knockout mice compared to those derived from wild-type mouse embryonic fibroblasts ( [44] and references within). Interestingly, in PKR-deficient cells infected with Semliki Forest virus, IFN-β mRNA were produced but these mRNA lacked a poly(A) tail, suggesting the involvement of PKR in the regulation of IFN mRNA processing/stability [45] . In contrast, PKR was not required for type I IFN synthesis in the case of Sendai or influenza virus infections [45] . It would be of interest to know whether NSs affects posttranscriptional regulation of IFN-β mRNA that has escaped from the NSs-induced suppression of transcriptional initiation. In summary, NSs protein inhibits the expression of host genes, including IFN and others with anti-viral functions, to establish infection in mammalian hosts.
RVFV carrying NSs forms clear plaques and induces a strong clear cytopathic effect (CPE) in infected VeroE6 cells, whereas RVFV lacking NSs forms turbid plaques and shows low levels of CPE [37] , demonstrating that NSs contributes to the cytotoxicity of the virus. However, the PKR degradation function of the NSs alone does not determine the severity of the virus-induced CPE, because RVFV carries an NSs mutant that does not promote PKR degradation, but retains other functions, e.g. inhibition of synthesis of host transcripts and IFN-β mRNA, and its parental virus formed similar CPEs in infected cells [46] . NSs-induced host transcriptional suppression may be responsible for the NSs-mediated cytotoxicity, whereas experimental evidence to support this expectation is missing.
RVFV lacking a functional NSs still induces fatal disease in type I IFN-KO mice and PKR-KO mice [38] . Furthermore, MP-12 carrying a fully functional NSs is highly attenuated. These data indicate that other virus proteins also contribute to virus pathogenesis.
NSm and NSm' Proteins
The M segment has 5 in-flame AUGs and expresses 78-kDa, NSm and Gn/Gc proteins from 1st, 2nd, and 4th AUG, respectively, due to its leaky scanning mechanism ( fig. 1 ). These 5 AUGs are highly conserved among RVFV strains [47] . A recent study revealed that a truncated NSm protein called NSm' is expressed from the 3rd AUG; NSm' lacks the N-terminal 38 amino acids of NSm and is predominantly expressed compared to NSm in infected Vero E6 cells, when both the 2nd and 3rd AUG are intact [15] . The C-terminal region of NSm, which contains a basic amino acid cluster and a putative transmembrane domain, targets the protein to the mitochondorial outer membrane [48] . Since the C-terminal region is common in NSm and NSm', NSm' is also localized to mitochondria [15] .
NSm, a 14-kDa nonstructural protein, is not required for RVFV replication in cultured cells [49] . By targeting the mitochondrial outer membrane, NSm suppresses apoptosis that is induced by RVFV replication or staurosporine in the absence of other RVFV proteins [16, 48] . Thus far, two studies have revealed the importance of NSm in RVFV pathogenicity in rodents. Bird et al. [50] first reported that the wild-type RVFV stain lacking 78-kDa/NSm/NSm' caused reduced viral virulence in rats. Subsequently, Kreher [15] reported the generation of three RVFV mutants, each of which lacks NSm, NSm', or both NSm and NSm'. In 3-week-old mice challenged with the virus by i.p. inoculation, deletion of NSm alone or NSm' alone did not have any significant impact on viral virulence, whereas the mutant virus lacking expression of both NSm and NSm' was strongly attenuated. This NSm/NSm' deletion mutant replicated efficiently in a mouse fibroblast cell line, whereas its titers were significantly reduced in murine macrophages [15] . The mechanism of reduced virulence of RVFV lacking both NSm and NSm' expression is currently unknown, and yet the inefficient replication of the virus in macrophages may contribute to its reduced virulence.
78-kDa Protein
78-kDa protein is translated from the 1st AUG of M mRNA ( fig. 1 ) . Although 78-kDa protein is not essential for virus replication in cell culture [49] , RVFV lacking 78-kDa, NSm and NSm' proteins lost its infectivity to mosquitoes, indicating the importance of these proteins in this insect [15, 51] . Virus lacking 78-kDa protein showed low dissemination rates in mosquitos, indicating that 78-kDa protein is a determinant of virus dissemination in the mosquito. 78-kDa protein is incorporated into virions released from cells of insect origin, but not in virions released from 456 cells of mammalian origin [52] . Immune electron microscopic analysis using an antibody which recognizes only 78-kDa protein confirmed the presence of the 78-kDa protein on the surface of virions [52] . Two predicted glycosylation sites in 78-kDa protein are both glycosylated ( [52] and references within). These observations indicate that a majority of the 78-kDa protein is exposed to the endoplasmic reticulum lumen within the cells and exposed to the outside of the viral envelope.
Nfon et al. [13] reported that insect cell-derived RVFV (IN-RVFV) and mammalian cell-derived RVFV (MAM-RVFV) had different effects in goats after s.c. challenge. Although these two viruses showed similar viremia titers, IN-RVFV showed an earlier peak titer. The reduction of CD172a+ cells (monocytes and DCs) was more significant in IN-RVFV-infected goats, and IN-RVFV was able to infect PBMCs and monocyte-derived macrophages more efficiently than MAM-RVFV. In addition, IN-RVFV induced a greater IL-12 production than did MAM-RVFV. Their data suggested that efficient IN-RVFV replication in these immune cells helped in the dissemination of IN-RVFV, resulting in a faster peak of viremia titers of IN-RVFV. As described above, it is possible that IN-RVFV, but not MAM-RVFV, carried the 78-kDa protein [52] . Although the presence of the 78-kDa protein may not be the only difference between IN-RVFV and MAM-RVFV, data shown in the paper of Nfon et al. [13] indicate a possibility that 78-kDa contributes to the increased infectivity of the virus to certain immune cells.
Although 78-kDa protein is not essential for virus replication in mammalian cells, competition-propagation assays using Vero E6 cells show that RVFV expressing 78-kDa protein had a selective advantage over the virus lacking this protein [49] . Also, serial passage of the RVFV lacking 78-kDa protein expression in Vero E6 cells resulted in production of virus carrying a new AUG to express 78-kDa protein [15] . These results may indicate a beneficial role of 78-kDa in virus replication.
Other Virus Proteins
Morrill et al. [14] found that a stock of wild-type RVFV ZH501 strain obtained from a patient during the 1977 outbreak of RVFV in Egypt contained two major viral populations, ZH501-M847-A and ZH501-M847-G, which carried A residue and G residue, respectively, at position 847 in the M segment (M847), resulting in one amino-acid difference at position 277 of the Gn protein; M847 was the only detectable main nucleotide substitution in the virus stock. Sequence analysis showed that 38 out of 39 strains emerging in Africa and Saudi Arabia had A at M847, possibly indicating that ZH501-M847-A-type virus represents the major virus population. The growth kinetics of these viruses in cultured cells was similar. The i.p. inoculation of recombinant virus rZH501-M847-A carrying Glu 277 killed most of the mice within 8 days, whereas recombinant rZH501-M847-G carrying Gly 277 had attenuated virulence in mice. These data clearly showed that single nucleotide substitution at M847 affects RVFV virulence in mice; however, the reason for the attenuation of ZH501-M847-G remains unclear. rZH501-M847-G virus quickly elicited neutralizing antibody while rZH501-M847-A virus showed a delayed antibody production compared to that with rZH501-M847-G. This implied that rZH501-M847-A suppressed the host immune response at an early stage of infection.
MP-12, which was generated by serial plaque passages of ZH548 strain 12 times in MRC-5 cells, is attenuated and temperature sensitive (ts) [33] . Although both L and M segments are responsible for the ts phenotype, ts mutation in M segment did not affect virus virulence. The ts phenotype in the L segment appeared at passage 4. The appearance of this ts phenotype was concomitant with the significant reduction in virus virulence, indicating its association with attenuation of virus virulence.
Concluding Remarks
Results from experiments using mutant RVFVs, obtained by either a classical RNA reassortment approach or RVFV reverse genetics systems and various strains of mice lacking specific gene functions, significantly contributed to the identification of viral proteins that affect RVFV virulence and pathogenicity. These studies revealed that RVFV virulence is under polygenetic control. These results are not surprising, as there is a limitation in the total length of viral genomic RNA segments that the virus can carry. Thus, each viral protein most probably has to have multiple biological functions, including the inactivation of host antiviral responses and promotion of efficient expression of viral proteins or assembly, to exert efficient virus replication/dissemination both in mammalian and mosquito hosts. Several past studies have revealed that the route of virus inoculation, the animal model, the choice of the cell line for preparing the inoculum virus, and the presence of a mosquito component affect the pathogenicity of RVFV. Importantly, accumulating data imply the importance of macrophages in controlling RVFV pathogenicity; thus, inefficient RVFV replication in macro-phages has resulted in reduced virus-induced pathogenicity [6, 13, 15] . Moreover, DC-SIGN has been identified as one of the receptors for RVFV, but we still do not know what role DCs play in RVFV pathogenesis. Further studies on response of macrophages and DCs against RVFV infection will be important to understand host and virus interaction at an early stage of infection, which eventually affects the clinical outcome of the disease. We predict that recent progress in various biological approaches, including systems biology and selective suppression of host gene expression, will facilitate further clarification of the mechanistic functions of RVFV proteins. Additionally, the application of these approaches should yield vital data for better understanding of the disease mechanisms of RVF, including hemorrhagic fever and viral neuroinvasion, as well as development of antivirals.
